A microporous SAPO-11 Molecular sieve was successfully synthesized by the hydrothermal method, using a single agent, as an organic template: di-isopropylamine (DIPA). The obtained solid was calcined at 550
Introduction
Silicoaluminophosphate molecular sieves denoted as SAPO were synthesized by Lok et al. [1, 2] and composed of strictly alternating AlO 4 , PO 4 and SiO 4 tetrahedra. Among these SAPO materials, SAPO-11 has the AlPO 4 -11 (AEL) topology, comprising of unidirectional, non-intersecting, 10-membered ring channels. With elliptical pore apertures of 0.39-0.63 nm [3] .
Silicoaluminophosphates are an important class of adsorbents and catalytic materials generated by the introduction of silicon into its respective aluminophosphate phase framework [4] [5] [6] . This isomorphic substitution can occur by a replacement of one aluminum by one silicon (SM1), replacement of one phosphorous by one silicon (SM2), or replacement of aluminum-phosphorous pairs by two silicon (SM3).
The catalytic activity and medium acid sites can be generated in SAPO-11 by isomorphic substitution of silicon or transition metals for aluminum and phosphorous on its surface [7] [8] [9] [10] [11] . And many research works have been reported relating to the synthesis and crystallization mechanism [12] [13] [14] .
It is well known that template plays important roles in the synthesis of molecular sieves, such as structure-directing, space-filling and charge-compensating roles [15] [16] [17] . One template may produce molecular sieves with different structures by varying the synthetic conditions; and one type of molecular sieve could also be synthesized in the presence of different organic templates [16] . The elemental composition, local microscopic structure and morphology of one specific molecular sieve may change with the use of different templates.
Therefore, SAPO-11 molecular sieve is usually synthesized through traditional static hydrothermal crystallization at 160-220
• C using a single agent, such as, di-isopropylamine as structure-directing template, H 3 PO 4 as source of P, pseudoboehmite as source of Al and silica sol or tetraethylorthosilicate (TEOS) as source of Si. The crystal morphology of SAPO-11 synthesized by the traditional hydrothermal method often exhibits pseudospherical or orthorhombic aggregates of cubic plates ranging from 3 to 10 µm owing to the rapid congregativeness of crystal nuclei [18] [19] [20] . In this present work, the SAPO-11 molecular sieve after the hydrothermal method of synthesis was washed with distilled H 2 O, dried and calcined with the intention of easing the removal of the template agent from the micrpores of the catalyst, and furthermore submitted to characterization through: XRD, SEM, FT-IR TG-DTG and N 2 Adsorption desorption (BET analysis). The catalytic performance of the sample in deactivation/regenerability of the coked sample, furthered by cracking of n-hexane reaction was also tested. The aim of this present work was to obtain results that indicate that the SAPO-11 molecular sieve has a high potential in relation to its catalytic activity and selectivity. After this period of time, di-isopropylamine was added to the mixture and stirring continued for a further 60 min when the silica was finally added to the synthesis gel, thus completing the stirring after another 40 min. The quantities of each precursor were measured on an analytical balance (Mettler model). For the preparation of an amount of 100 grams of gel (20.66 g of SAPO-11) the following quantities of reagents were necessary DIPA: 7.55 ml; H 3 PO 4 : 7.49 ml; SiO 4 : 1.65 g; Pseudoboehmite: 8.59 g and distilled H 2 O: 71.49 ml.
After completing these procedures, the pH of the gel was measured (8) and the final mixture was sealed in a stainless steel autoclave lined with polytetrafluoroethylene (PTFE) and heated for 200
• C for 72 h. Finally the as-synthesized products were washed, centrifuged, filtered, dried at 120
• C for 3 h, and then calcined at 550
• C for another 10 h in air in order to remove the template.
Characterization.
Powder X-ray diffraction patterns (XRD) was recorded on a SHIMADZU-6000 diffractometer, using the CuKa (k = 1.5404 A • ) radiation at 40 kV and 30 mA with a scanning rate of 2
• 2θ.min −1 . The morphology of the products was examined by a Cambridge S-360 scanning electron microscope (SEM). The composition of the final material was determined by sequential X-ray Fluorescence Spectrometer (SHIMADZU, XRF-1800).
The characterization of surface area and pore volume of the SAPO-11 molecular sieve was performed by using N 2 adsorption-desorption at −196
• C, in a NOVA 2000 Quantachrome Instruments surface are & pore size analyzer automatic adsorption apparatus. Samples were outgassed at 350
• C for 3 h under a vacuum of 1.33 × 10 −3 Pa prior to N 2 physisorption. The BET surface areas of the samples (A BET ) were calculated by applying the BET equation [21] to N 2 adsorption data in relative vapor pressure (p/p 0 ) range of 0.05-0.30. The cross-sectional area of N 2 molecule was taken as 14.0 A
• . The pore volume (Vp) of the catalysts were obtained by extrapolating the upper parts of the desorption branches of the N 2 adsorption-desorption hysteresis loops to the relative pressure (p/p 0 ) of 1.0 [22] . The mean pore diameter (d) of the SAPO-11 molecular sieves were calculated with d = 4Vp/A BET assuming a cylindrical pore model. The pore size distributions in the pore diameter range of 1.5-100 nm of the samples were obtained by applying the expanded BJH equations [23] to the N 2 desorption branches of the hysteresis loops. Size distribution of microspores was determined by the HK method, and the external surface areas of the samples were calculated by the t-plot method.
The thermal analysis was performed on a Mettler Toledo TGA/SDTA 851 analyzer with the temperature programmedrates of 5, 10 and 20
• C.min −1 under air flow.
Catalyst
Testing . The catalytic performance of SAPO-11 was tested by the deactivation/regenerability of the coked sample, furthered by cracking of n-hexane reaction. It was carried out with a fixed-bed reactor at atmospheric pressure. 200 mg of catalyst was loaded into the reactor. The sample was pretreated with nitrogen flow of 35 ml /min, at 400 • C for 2 h. Upon activation of the catalyst, the vapors of n-hexane were encompassed to reach the micro-reactor where the reaction occurred. The reactor operated at a ratio F/W (molar flow of reactant per gram of catalyst) of 0.85 mmol/hg. The volume flows were measured at the output of the reactor by a digital flow meter model ADM 1000 (Micronal). The products were analyzed on-line by a Varian GC3800 gas chromatograph equipped with a FID detector and a Poraplot Q-HT capillary column.
Results and discussion
3.1. Microstructural properties XRD. The X-ray powder diffraction patterns of the sample synthesized by hydrothermal media, SAPO-11 are shown in Fig. 2 • ) were observed in many different samples in scientific literature, and were very similar to those reported for the currently analyzed SAPO-11 sample [24, 25] .
Synthesis, characterization and catalytic properties of SAPO-11 molecular sieve synthesized... Among other peaks that were observed, one in 9.8
• was reported, indicating that the samples had some slight phase impurities, these trace impurities arise from non-ideal synthesis conditions. However, the high intensity of XRD peaks indicated that the sample was highly crystalline. A result that was furthermore corroborated when the cristallinity of the sample was found to be 95%. The X-ray powder diffraction patterns identified that the sample synthesized from aqueous media possessed the AEL structure. Morphological properties. SEM. The morphology of the sample synthesized by hydrothermal media was characterized by the scanning electron micrographs. As shown in Fig. 3 , there was little difference in the crystal morphology between SAPO-11 (c) and SAPO-11 (nc). Both of them exhibited pseudo-spherical aggregates ranging from 7 to 10 µm assembled from cubic plate small crystallites. Another interesting observation that could be made is that an orthorhombic geometrical pattern was observed in some of the micrographs, which denotes the microporous structure of the SAPO-11 sample. Surface area. The specific surface area (BET), microporous surface area and external surface area of the samples are listed together with the total microporous volume, mean pore diameter, pore size and relative cristallinity of the samples that were measured. During crystallization, Si was released slowly from the silica sol and the organic phase to the aqueous phase, so that the Si content of SAPO-11 was low. During the synthesis of SAPO-11, the framework of SAPO-11 is identical to that of AlPO-11 with AEL type structure. The cavity volume consists of nonintersecting elliptical 10 membered ring pores of 0.39 nm 0.63 nm. The N 2 adsorption-desorption isotherm curves showed that the samples synthesized from hydrothermal media had a well-defined adsorption-desorption hysteresis loop above the relative vapor pressure of 0.3, indicating the existence of some mesoporous materials that originated from the secondary pores. The N 2 adsorption-desorption hysteresis loop of this material belongs to type E of de Boer's classification [26] . 
Thermal analysis.
Calcination is a very important step in achieving microporous materials of high quality, such as the silicoaluminophosphate type, this phase consists in removing the template di-isopropylamine. Thermogravimetry is a technique used to determine the optimum calcinations temperature, designed to remove all the organic material and maintain the preservation of an orderly structure. A representative scheme of the removal of the template, typically encountered in this microporous material could be seen in Fig. 5 . Figure 6 shows the TG and DTG curves for the noncalcined sample of SAPO-11 on three separate heating rates (β = 5, 10 and 20
• C.min −1 ). It could be observed in the curves three events of mass loss. These events are attributed to:
• In the range of 30-150
• C -desorption of intracristaline water; • In the range of 150-300
• C -removal of physically adsorbed template; • In the range of 300-400
• C -was associated with decomposition of the di-isopropylamine molecule in propene and ammonia (Hoffman degradation). The difference of mass loss percentage between the materials on the first phase indicates the removal of water from the micropores, and is attributed to the humidity that the sample was exposed prior to thermogravimetric analysis. In relation to the second phase of mass loss in the SAPO-11 sample, the percentage is related to the desorption of the di-isopropylamine (DIPA) template [22] . Figure 7 shows the curve of apparent activation energy for the DIPA removal of SAPO-11 and its rate: 158.91 kJ.mol −1 . Fig. 7 . Apparent activation energy for DIPA removal of SAPO-11
Catalytic tests.
The catalytic tests, such as the n-hexane cracking were carried out to evaluate the conversion and selectivity of the catalyst and the deactivation of SAPO-11 through deposition of carbonaceous products (coke) in the micropores of the catalyst. According to the chromatograms reactions with SAPO-11 obtained the following products: ethylene, isobutane, 1-butene, n-butane, 2-butene-trans, cis-2-butenes, n-pentane and isopentane. In n-hexane cracking reactions, the lifetime span is very small during the catalytic cycle, thus causing the deactivation of the catalysts under study as expected for the application of kinetic study regeneration [27] . Figures 8 and 9 showed alternate graphics of conversion and selectivity of products for the catalytic tests. Figure 9 shows the results of selectivity for C3 and C4 respectively, which indicate that the production of propane is much higher than that of propylene for all samples. In the case of C4 there is no formation of olefins, only butane and isobutane. Achieving these results are due to reactions of hydrogen transfer or hydride of coke formed, migrating to the active acid sites and saturating the olefins (such as carbenium ion), preferably forming alkanes. The Fig. 9 also shows, through data on the selectivity of the reaction products in function of the reaction time, how was the ratio of the total paraffins in relation to the total olefins (r(P/O)), n-butane to isobutane over (r(n-but/isob)), ratio of 1-butene and 2-butenes (r(1-but/2but)) and the relationship between 2-butene-trans and cis-2-butene (r(trans/cis)).
The rates of the paraffins in relation to the olefins were always below one, indicating a predominance of olefinic products such as: 1-butene, 2-butene-trans and cis-2-butene. It was also observed high n-butane/isobutane reasons indicating that isomerization reactions of chain n-butane occurred on a small scale. This can also be confirmed by viewing the selectivity graphs of products, where the isobutane always appears as product in smaller quantities. Regarding the ratio of 1-butene and 2-butenes and 2-butene-trans and 2-butene-cis, one can observe that there was in the majority of cases the following selectivity rule: propane > isobutane > n-butane > isopentene > n-pentene > 2-butene-trans > cis-2-butene > n-pentane > isopentane.
Regeneration kinetics.
The regeneration study of the coked catalyst was carried in a thermobalances, Mettler TG/SDTA 851 using three different heating rates (β = 5, 10 and 20
• C.min −1 ) with air flow of 120 cm 3 min −1 and the coked catalyst mass of 0.01 g for this experiment. The TG/DTG curves of the coked sample are shown in Fig. 10 . The first thermogravimetric analyses of the material were carried out to determine the ideal temperature of removal of the coke deposited on the micropores of the silicoaluminophosphate. The removal of light organics at the first phase ranges from 30-150
• C, the second phase ranges from 400-750
• C refers to the decomposition of coke deposited in the pores of the catalysts. The ideal temperature is 509.06
• C for a period of 1 h. The greater activity obtained with SAPO-11 nanocrystals can be explained by their smaller crystals size. It is observed that the conversion time decreases considerably as a function of temperature. Thus it is possible to predict the temperature for the removal of coke as a function of time and consequently enabling the estimation of the optimum temperature for the removal of coke as described in Table 3 .
Coke deposition is often studied as a function of time-onstream. The interpretation of the measured coke as a function of time-on-stream is a good parameter for describing the coke depositions in different conditions. A lower space velocity resulted in a higher coking rate, as a result of high average of concentration of olefins. It indicates that the rate of coke deposition is related to the concentration of olefins. Furthermore, it was observed that for the removal of 90% of coke deposited on the catalyst during a period of 1 h, it was necessary to heat the sample of coked SAPO-11 to 509.06
• C under an air atmosphere. 
